I. INTRODUCTION HE production of single x mesons by inelastic scattering of high-energy electrons from protons affords an indirect method for determination of the electric and magnetic structure of the neutron complimentary ' G. G. Ohlsen, Phys. Rev. 120, 584 4, 1960) . mental procedures for subtracting the eGect of competing processes were developed by the former authors and the results interpreted in terms of a "radius" for the neutron s magnetic-moment distribution, derived from a Pauli anomalous-moment form factor assumed to be of the form:
F,"=f/(1+r"&q'i12)&, F,"=o.
Here q' is the four-momentum transfer $q'&0, see Eq. (3) below) and r" is the rms radius of the anomalous magnetic-moment distribution.
In previous papers, exponential distributions for the two proton form factors, which also enter the theory,~vere as:-umed and pl~w as taken as equal to Ii2".
Information gained from more recent measurements, ' ' both for quasi-elastic scattering fmm the deuteron and elastic scattering from the proton, is now sufhcient to permit refinement of these assumptions.
In particular, it is known that FI"WF2", even at q'=3 F~. It then becomes of interest to extend the measurements of pion electroproduction over a wide range of center-of-mass energies at a 6xed q' to establish the consistency of the theory of this reaction with the picture of proton and neutron structure developed from other experiments. 6 P. Lehmann, R. Taylor, and R. Wilson, Phys. Rev. 126, 1183 (1962 . In order to compare this experiment with the elastic a, nd quasi-elastic scattering experiments, it is convenient to adopt the helicity form factors first introduced by Yennie, Levy, and Ravenhall' and later discussed in terms of the helicity representation' by Durand. ' A preliminary discussion of the analysis of the current data on nucleon structure in terms of these form factors appears in the paper by Hand, Miller, and Wilson, " It is now felt that the error on Gg implied in this last reference is too small and that the uncertainty in these quantities stems mostly from the fact that previous experiments have yielded almost no information on the neutron charge structure (Gs") beyond an upper limit on Gg"' of about O. I. In terms of the more commonly used I', and F~(~is the anomalous magnetic moment): G g = I' g (~q-'/4' '-) Fo, - G~s= -(&" +G» ) Gm= Fi+~F~, (2) Gl"y=;(Gs"-GI:"), etc.
At forward angles in elastic scattering the combination G» +(q'/4M-")GM' is determined and at backward angles G,~I' alone. In the deuterium measurements one measures essentially do~/dQ+do"/dQ and Gg"' is very sensitive to errors in either the cross section or the final-state corrections, because large subtractions are involved. Some estimates of the current uncertainty in the G's from other experiments is given in Sec. IX below.
Pion efectroproduction, on the other hand, depends 7 D. R. Yennie, M. M. Levy, and I). G. Ravenhall, Rev. Mod. Phys. 29, 144 (1957}. 8 M. Jacob and G. C. Kick, Ann. Phys. (N. Y. ) 7, 404 {1959).
f'L. Durand, III, Lectlres in Theoretical Physics (Interscience Publishers, Inc. , New York), Vol, 4; L. Durand, III, P. C. DeCelles, and R. B. Marr, Phys. Rev. 126, 1882 (1962 . I L. N. Hand, D. G. Miller, and R. 9'ilson, Phys. Rev. Letters 8, 110 (1962) . on a coherent mixture of neutron and proton form factors and should provide completely independent information about the nucleon structure (see Fig. 1 ). The well-known P3/2 resonance is excited through a matrix element proportional to G~y, but other terms contain Gg8 and Ggy and could in principle be used to resolve the ambiguity in the sign of Gz . Although the FubiniNambu-AVataghin" adaptation (FNW) of the work by Chew, Low, (". oldberger, and Nambu" on pion photoproduction is not really satisfactory in many ways, it was found that the use of experimental phase shifts gave an excellent 6t to~' total photoproduction cross sections over the center-of-mass energy range covered in t.his experiment and predicted cross sections 10 -15% too high for g+ photoproduction over the same range.
Until the more ambitious work by Dennery" is reduced to numerical form, the FNW theory must be used. Since this experiment measures the sum of total cross sections for g' and m+ electroproduction, we might expect, for low q', that the calculation used here would predict a, cross section 5 -8'%%uo higher than that actually measured (in the region corresponding to the ftrst pionnucleon resonance). Additional corrections of order q' /iVE as de-scribed by Gartenhaus and Lindner" would be manifested as a progressively increasing shift of the resonance peak with increasing q' [E is the equivalent photon energy; see Eq. (4) below]. Small shifts of the peak toward higher K were found for q'=8 F ' and q'=12 F '.
Kith sufhcient statistical accuracy, the shape of the pion-nucleon resonance can yieM both Gz"and G&&" from this experiment alone. Such accuracy was unfortunately not attained, but it is felt that coverage of the entire resonance is essential to an understanding of the limitations in the theoretical interpretations of this type of experiment. If the data for a wide range of center-of-mass energies are combined for the formfactor analysis, the e6ect of uncertainties in the energy dependence of the phase shifts used in the analysis will be diminished.
For q '-=2, 5, 8, 12 "P.Dennery, Phys. Rev. 124, 2000 (1961 .
'4 S. Gartenhaus and C. N. Lindner, Phys. Rev. 113, 917 (1959) .
d'rr/dQdE holding constant both q' and the center-ofmass energy. The results are consistent with the expected dominance of transverse currents in the reaction.
II. KINEMATICS OF ELECTRON SCATTERING
In what follows, 8 will be the electron-scattering angle, e and e, respectively, the initial and 6nal energies of the electron. The four-momentum transfer, q', is given by (for e, «')&0.51 MeV) q'= 2ee'(1 -cos8).
"scalar" refer to the matrix elements of the nuclear transition current in the "brick-wall" frame defined here by a Lorentz transformation along the direction of the momentum transfer, such that in this frame the electron has the same energy after the reaction as before. ) to be substantially correct, because the major contribution to the cross section comes from the interference between the amplitudes represented in Fig. 2 (a, ) and
The possibility of abandoning the method of "radiator subtraction" then rests on the following observations:
(1) One must calculate the cross section for wide-angle bremsstrahlung even with the radiator subtraction, and (2) several of the other ba.ckground processes (see references 4 and 16) give rise to equal numbers of positruns and electrons. Thus, assuming that the predominance of x+ mesons does not significantly augment the measured positron Aux by x+ -+ p+ -+e+, charge exchange scattering in the counter, followed by gammaray conversion, or direct counting in the Cerenkov counter for suKciently high-pion momenta, we may The actual data runs were three in number, separated by three weeks and three months. Measured values of elastic scattering from hydrogen, used for normalization of cross sections in the manner described in Sec. VI were taken on the first two runs and several data points were repeated to check the internal consistency of the runs.
Points for K below pion threshold were taken on all three runs to check the wide-angle bremsstrahlung subtraction, and the positron Aux was determined for each data point separately, as were pulse-height distributions for both positive and negative settings of the magnet. . Figure 3 illu. strates the experimental arrangemene (not to scale). The vacuum chamber surrounding tht liquid-hydrogen target cup is not shown.
V. APPARATUS
Particles from the liquid hydrogen having a given direction within a small solid angle and having a momentum p' are selected by the magnetic spectrometer and counted by the Cerenkov light produced as they pass through a cylinder 5 in. in diam and 10 in. long, filled with paraftin oil (n=1.5). For a given set of data at a fixed angle 8, the initial and anal electron energies were chosen so that q2 remained constant and K was varied from an energy well below the first resonance (320 MeV) to a value limited by the upper energy limit of the linear accelerator. The incident beam was captured in a Faraday cup believed to be better than 99oro eKcient for energies well in excess of 600 MeV. "
The collected charge was integrated on a condenser in a " J.). Vount I'private communication). standard feedback amplifier circuit and the voltage read with a potentiometer.
The target cup was 7~i n. long of which about 3-, ' in. was within the acceptance prohle of the spectrometer at 90'. The lead entrance slits further reduced the possibility that an electron originating in the 2-mil Dural entrance window of the target cup or the 7-mil aluminum vacuum chamber window would pass through the spectrometer. The counting rate with the liquid hydrogen removed was consistent with the density of the cold gas -about 1. 5% of the full target rate. It is therefore assumed that only electrons from the hydrogen are counted. %ith the entrance slits closed, the counting rate was sufficiently small as to be completely negligible.
The electronic circuitry was completely straightforward, being a single channel integral discriminator gated on during the beam pulse. The Cerenkov counter was viewed at one end. by an RCA-type '7046 photomultiplier. The two-thirds of the cylinder nearest the phototube were silvered, and the other third was blackened to increase the directionality. Most of the background in Cerenkov counters at this accelerator appears caused by low-energy electrons originating from gamma-ray interactions in the counter, the gamma rays resulting from neutron capture in the shielding or in the counter itself. Thus the energy of background electrons is necessarily less than the binding energy of neutrons in the shielding material. "Signal" electrons traversed path lengths corresponding to an energy loss for a minimum ionizing particle of more than 30 Mev before emitting light sufBcient to register a count. The absolute threshold for counting pions by Cerenkov light was a momentum of 130 MeV/c and for muons 100 MeV/c, but it was impossible to detect pions below 195 MeV/c even with very much reduced discriminator bias because the pulse height is reduced due to scattering and slowing down to the paragon oil. Above this momentum, it was possible to observe a second peak on the pulse-height spectrum. This peak was due to positive pions and increased in pulse height rapidly with respect to the position peak as the momentum was increased.
From this pulse-height analysis and measurements of the cross section below electroproduction threshold, it is believed that the ef5ciency of the counter was negligible for pious and muons below 210 MeV/c. A few data points were taken for secondary particle moments greater than 210 MeV/c, up to 250 MeV/c. In this range, the ef5ciency for pions and muons, although small, increased rapidly, the average pulse height of a pion being 60% of that for an electron at 250 MeV/c. This is less than would be expected on the basis of the Cerenkov light dependence on particle velocity and is probably caused by scattering of the pions. shown" that corrections from the finite width Ae of the incident spectrum are proportional to (5«/6«')'-' snd in any case tend to cancel in the integral defined above. The eRect of radiation upon the observed spectrum C&(«;, «') is treated by an iterative procedure using a digital computer. An integral equation is easily written to describe the eRect of radiative degeneration upon the observed spectral shape and the computer calculates the correction for each value of C&(«;, «'), using the difference between the observed spectrum and a fold of the hypothetical radiation-free spectrum Co(«;, «') with the theoretical radiative tail. As a first approximation to Co, Cg is used. Since the number of radiation lengths (virtual plus real) in the beam is =0. 03, the process converges rapidly.
C«(«;, «')=Co(«, , «')R;, «;&«, , summed over j. Table I gives the conversion factor at that angle and energy in units of counts per 100 V integrated on a condenser with a nominal value of 10 ' F for a cross section of 10 " cm'/MeV-sr.
"Normalized phase space" is a measure of counter eSciency and at 211 MeV for 90' and 135' the consistency of the normalization procedure. These numbers equal the phase-space factor corrected for the expected proportionality to e' and inverse proportionality to sin8, due to the change in effective target length. The drop of 20% in counter efficiency for very low energy electrons can also be estimated from the pulse-height distribution and the known cutoff point for the discriminator, also observed with the pulse-height analyzer. The e%ciency thus estimated is in agreement with the above table. This efficiency loss is undoubtedly caused by multiple scattering of the electrons out of the counter, before they have emitted sufhcient Cerenkov light to record a count. A correction was applied to the data by estimating the eSciency range for energies other than those measured directly using an empirical curve (quadratic) fitted to the observed relative e%ciencies at 210 
VII. VfIDE-ANGLE SREMSSTRAHLUNG
As mentioned in the introduction, the major source of noncharge symmetric background arises from the process of wide-angle bremsstrahlung.
Because the physical argument advanced by Panofsky had actually only been proved in the limit of in6nite proton mass" and because it was known that in the very similar calculation of wide-angle pair production by Bjorken, Drell, and resonance and increasing for higher equivalent photon energies because the low secondary electron energy increasingly invalidates the accuracy of the approximation made in deriving Eq. (8).
An overall error was assigned to the calculated value of the wide-angle bremsstrahlung cross section equal to 19% for the 60'points (q'=2 F ') and 5% for allother points. This error was then propagated into the errors assigned to the pion electroproduction cross sections. Near the first pion-nucleon resonance it had 1 i 1 tie (1958) . "E.~. &Ilton (to t)e published). effect, because the wide-angle bremsstrahlung was a fraction of the counting rate. The numerical assignment of this error is based in part on the agreement between predicted and observed cross sections below meson threshold (Table II) and in part on estimates in the uncertainty in interpolations on the nucleon form factors, the radiative corrections to the wide-angle bremsstrahlung and to the effects of 6nite target length and finite spectrometer angular asymmetries.
Radiative corrections computed for the wide-angle bremsstrahlung were of two types, which tended to cancel each other. As in elastic scattering, a correction arises due to soft-photon emission, in addition to the single hard photon, tending to reduce the observed counts for a given initial and 6nal electron energy by about 10 -15/&, depending on the particular experimental situation. Unlike elastic scattering, we may also have the emission of two moderately hard photons, with an integral over all possible combinations, i.e. , over the scattering cross section (in the "peaking" approximation described above) for energies intermediate between those dominant in the case of single-photon bremsstrahlung. A numerical integral of the two-photon bremsstrahlung was performed on a computer for each case of interest and combined with the soft-photon correction. In every case the net eGect was only a few percent.
As mentioned previously, electron-electron scattering is an important source of low-energy secondaries which becomes dominant for suKciently low energies (e'&50 MeV) because the spectrum of 5 rays has the dependence~' ' on secondary electron energy. In the analysis of the data, it is convenient to include this eGect with the wide-angle bremsstrahlung for the case in which the hard photon is radiated before scattering. No correction was included for this effect in the event of scattering 6rst.
The calculation of radiation lengths in the liquid hydrogen was made using a computer program kindly supplied by R. Alvarez. " and G,~I' may be written:
Gz-'= (GE ') , + o $ , '-. &LG"-(G. '-) .-j-') = '« ')+2~« & )+~-'(~. -') = o, '+P"-.
The errors plotted in Fig. 9 for Gg"' correspond to +(a'+P')"' If the error is much less than the most probable value (G'), ", then we may also write a similar expression for G, where a and P become multiplied by 1/(2G). All information about form factor error correlations is thus contained in a, P, y, k It is important to treat these correlations properly to avoid a completely erroneous impression of the sensitivity of the pion electroproduction to neutron structure and to the errors on the proton form factors as determined by elastic scattering.
(b) Next, using the above error coeKcients, we calculate the smoothed Rosenbluth cross section and associated error for the points at which quasi-elastic scattering data from the deuteron are available. From the knowledge of R=(a"+a")/o"as measured by experiment and the calculated smoothed O"we may obtain a"+60.
and thereupon repeat the process in part (a) for Gs"' and G~"'. 
